Endo-1, 4-β-xylanase is an enzyme that depolymerises xylan, a major component of lignocellulose. The economic utilization of lignocellulosic biomass as a feedstock for the production of fuel and chemicals would represent a paradigm shift in industrial carbon utilization, allowing sustainable resources to replace the non-renewable energy resources like petroleum. However, lignocellulose is a highly recalcitrant material that is extremely difficult to depolymerize. Many microorganisms possess repertoires of enzymes which act synergistically to decompose various components of lignocellulosic biomass into simple sugars. Biomass-utilizing organisms are widely distributed within different species of archaea, bacteria, fungi, protists, plants, and animals. These organisms possess numerous lignocellulolytic enzymes that can hydrolyze cellulose, hemicelluloses, or lignin. The present paper gives a detailed account of strategies for production, purification and application of microbial xylanases. Conversion of lignocellulose into fermentable sugars and subsequent conversion into bioethanol has been discussed in the present paper.
Introduction
The alarming levels of pollution and depletion of nonrenewable resources of energy have now compelled the world to look for alternative sustainable sources of energy. India's agriculture is mostly based on an economy that produces abundant amounts of lignocellulosic (agricultural and forestry) wastes, grasses, and woody materials every year. The dwindling reserves of nonrenewable resources of energy have driven the research to develop viable sustainable technologies. Lignocellulosic waste has been recognized as a sustainable source of fermentable sugars that can be fermented further to obtain value-added products ( Fig. 1 ) such as animal feed, single-cell protein, ethanol, xylitol, furfural, organic acids, methane, and monosaccharides.
Despite numerous technologies being developed, low selectivity and high cost of the process remain a major bottleneck for the conversion of lignocellulosic biomass into value-added fine chemicals. Globally, extensive research is being carried out to address this hurdle.
Keeping pace with the world, Indian government has developed several initiatives to boost research in the field of biomass utilization for the production of biofuel and other value-added products and to facilitate the translation of technologies from research to actual commercial application. In recent times, India has faced unprecedented pollution due to the burning of agricultural waste. The economic feasibility and increase in social awareness remain major challenges for the implementation of technology that can convert agricultural waste into value-added products.
The main component of lignocellulose is cellulose, a β (164)-linked chain of glucose molecules. Hydrogen bonds between different layers of polysaccharides contribute to the resistance of crystalline cellulose to degradation. Hemicellulose, the second most abundant component of lignocellulose, is composed of various 5-and 6-carbon sugars such as arabinose, galactose, glucose, mannose, and xylose. Lignin is composed of 3 major phenolic components, namely, p-coumaryl alcohol (H), coni- Xylan is a major component of hemicellulose and is a potential raw material for obtaining fermentable sugars that can be converted into several valuable products (Fig. 3) . Because chemical methods of lignocellulose degradation are polluting and energy inefficient, enzymatic saccharification has gained importance.
Xylan has β-1,4-linked D-xylopyranose as a backbone and short chains of o-acetyl, α-L-arabinofuranosyl, and α-D-glucuronyl residues. Several xylanolytic enzymes act synergistically to hydrolyze xylan completely, for example, endo-1, 4-β-xylanase, β-D-xylosidase, α-L-arabinofuranosidases, α-glucoronidases, and acetyl esterases (Poutanen et al., 1987) .
A large variety of microorganisms such as bacteria, yeasts, and fungi are efficient producers of xylanases (Subramaniyan and Prema, 2000) . Xylanases are commercially important because of their ability to catalyze the bioconversion of lignocellulosic material and agrowastes into high-value products such as furfural, xylitol, biofuels, and artificial low-calorie sweeteners (Polizeli et al., 2005; Parajò et al., 1998) . Xylanolytic enzymes are known to improve the digestibility of animal feed, because they break down arabinoxylans and reduce the viscosity of the raw material (Twomey et al., 2003) . Nowadays, the pretreatment of pulps prior to bleaching in the pulp and paper industry is the most important industrial application of xylanases (Salles et al., 2005) . As compared with that in the conventional paper pulping process, the modern methods involving enzymatic paper pulping and bleaching are responsible for the considerable decline in the release of toxic chlorine compounds into the environment. It also enhances the extraction of lignin from the pulp (Gupta et al., 2000) . Xylanases, like any other hemicellulases, break down the hemicelluloses in wheat flour, helping in the redistribution of water and leaving the dough softer and easier to knead (Butt et al., 2008) . Both current and potential applications of xylanases have been discussed in detail in this paper. Xylanases produced by microorganisms are favored over xylanases produced from plants and animals because they are easily available, structurally stabler, and genetically easily manipulatable (Bilgrami and Pandey, 1992) . Several agricultural waste materials such as wheat bran, rice straw, waste food material and cow dung have been used as carbon sources by many researchers for xylanase production. This paper dwells on potential applications of xylanases and development of suitable nutrient media supporting microbial growth for xylanase production.
Classification of xylanases
The complexity and variety of the structure and composition of xylans have led to the evolution of hundreds of xylanases. In an earlier system of classification given by Wang et al., in 1988 , xylanaseswere classified into two groups based on their physicochemical properties: one group comprised of low molecular weight proteins (< 30 kDa) with basic pI, whereas the other group was composed of high molecular weight proteins (> 30 kDa) with acidic pI. This system of classification was inadequate to classify many known xylanases; therefore, a more complete classification for different types of glycosidases including xylanases was established (Collins et al., 2005) . This classification is based on the primary structure of catalytic domains and the enzymes sharing sequence similarities have been grouped together. Principally, xylanases have been classified in Glycoside hydrolase families 10 (GH10) and 11 (GH11). However, the xylanolytic activities have also been found in other classes, of which some are bifunctional enzymes. The catalytic mechanism of xylanases, belonging to classes 10 and 11, involves hydrolysis of xylans with the retention of the anomeric center of the reducing sugar monomer of the carbohydrate. The reaction is known to be a double-displacement reaction, wherein a covalent glycosyl enzyme is formed as an intermediate and is hydrolyzed via oxocarbenium ion-like transition state. Two glutamic acid residues, which are appropriately located at the active site, are involved in the formation of a transition state. One acts as a general acid catalyst by protonating the substrate, whereas the other attacks nucleophilically, which results in a release of a leaving group to form the α-glycosyl enzyme intermediate (β to α conversion). In the second step, the first carboxylate group functions as a general base to extract a proton from a water molecule that attacks the anomeric carbon. This leads to a cleavage of a glycosidic bond and an inversion of the configuration of the anomeric carbon that is, α to β conversion (Biely et al., 2003) .
Glycoside hydrolase family 10 comprises endo-1,4-β-xylanases and endo-1,3-β-xylanases. Members of this family can also hydrolyze the aryl β-glucosides of xylobiose and xylotriose at the aglyconic bond. Structural analyses on xylooligosaccharides of various sizes and end product analyses have indicated that family 10 xylanases typically have 4-5 substrate-binding sites. Members of this family also typically have a high molecular mass, a low pI, and display an (α/β)-barrel fold (Teplitsky et al., 2000) . Distinct roles have been described for carbohydrate-binding modules GH10 and GH11 xylanases from Caldicellulosiruptor sp. strain F32 in thermostability and catalytic efficiency (Meng et al., 2015) .
Glycoside hydrolase Family 11 is composed of xylanases that typically only have a high pI and a low molecular weight. The catalytic mechanism is similar to that of GH10 xylanases. They possess β-jelly roll fold structure. GH11 xylanases exhibit high substrate selectivity and a high catalytic efficiency. The products of GH11 xylanase reactions can be further degraded by family 10 enzymes. Similar to family 10 xylanases, these enzymes can hydrolyze the aryl β-glycosides of xylobiose and xylotriose at the aglyconic bond, but they are inactive on aryl cellobiosides. However, these enzymes carry out most of their activity on long-chain xylooligosaccharides, which is enabled by their bigger substrate-binding clefts (Collins et al., 2005) .
GH10 xylanases are catalytically more versatile and have low substrate specificity as compared with that of GH11 xylanases. Xylanases from family 11 preferentially cleave the unsubstituted regions of the arabinoxylans backbone, whereas GH10 enzymes cleave the regions with greater substitution (Collins et al., 2005) .
Sources of microbial xylanases
Xylanase production by many species of bacteria as well as fungi has been reported. The filamentous fungi have a remarkable ability to thrive on various recalcitrant substrates. These species possess a diverse reper-63 toire of enzymes required for the hydrolysis and utilization of complex organic substrates, and therefore can utilize complex carbohydrates present in lignocellulosic waste materials such as dead leaves, stored grains, compost piles, and other decaying materials (Chen et al., 1999; Wu et al., 2000; Haq et al., 2002) .The prominent fungal species among those are strains of Penicillium sp. (Fadel and Fouda, 1993; Gasper et al., 1997) , Trichoderma sp. (Liu et al., 1999) , and Aspergillus sp. (Pinaga et al., 1994; Ganga et al., 1998; Ito et al., 2000) . Industrially, A. niger and T. reesei are two most important filamentous fungi that are used for the production of xylanases.
Fungi have been reported to produce xylanases with a higher activity and concentration as compared with that produced by bacteria. However, they also secrete cellulases, a feature highly undesirable for some industrial applications, especially paper pulping and bleaching processes (Walia et al., 2017) . This is because the degradation of cellulose increases the viscosity of the process mixture. Moreover, industrial application of fungal and actinomycetes species is also hampered by their slow generation times, difficult oxygen transfer, and a production of viscous by-products during fermentation (Boucherba et al., 2017) . Bacterial xylanases are free from cellulase activity and are reported to possess higher temperatures and pH optima, which are desirable for industrial applications (Okazaki et al., 1985; Khasin et al., 1993) . Among bacteria, the genus Bacillus has been studied extensively due to its rapid growth and for its capacity to secrete important extracellular enzymes and proteins into the medium. Other bacterial species reported for the production of xylanases are Streptomyces, Cellulomonas, Micrococcus, Staphylococcus, Thermotoga, Paenibacillus, Arthrobacter, Microbacterium (Patel et al., 1994; Kansoh and Gammel, 2001; Hiremath and Patil, 2011; Roy and Habib, 2009; Rawashdeh et al., 2005) . Figure 1 lists some of the important microbial sources of xylanases and the optimal process conditions for xylanase production.
Molecular regulation of xylanase production in microorganisms
The xylanase genes are organized as clusters and consist of different genes with functionally different gene products (Baba, 1994; Gosalves et al., 1991; MacKenzie et al., 1989) . The xylanolytic enzyme cluster of B. subtilis strain 168 consists of four different genes: xynA that encodes endo-1,4 β-xylanase, xyn B β-xylosidase, whereas xyn C encodes GH30 family endoxylanase (Chakdar et al., 2016) .
Xylans cannot penetrate the cell wall barrier; therefore, they cannot induce the production of xylanases. A small amount of xylanase is expressed constitutively, which results in a degradation of a small amount of xylans into xylose, xylobiose, and lignocellulosic residues that contain xylose. Xylose can penetrate the cell easily to induce xylanase activity (Motta et al., 2013) , where they act as potent inducers of xylanase production. However, the role of higher molecular weight molecules obtained from xylan degradation is debatable because of their difficulty in crossing the cell wall. The higher molecular weight xylan fragments are either hydrolyzed during the transportation or xylooligomers are directly transported to the cytoplasm, where they are hydrolyzed by intracellular β-xylosidases (Gomes et al., 1994) . The extent of induction is also dependent on the nature and concentration of the carbon source in the nutrient medium (Lemos and Peirera Junior, 2002) .
Xylanase production is subjected to carbon catabolite repression, that is, the easily metabolizable carbon source represses the expression of the enzyme (Piñaga et al., 1994; Flores et al., 1996; Kadowaki et al., 1997; Archana and Satyanarayana, 1997; Kermnický and Biely, 1998) . Rarely, xylose molecules have been reported to repress xylanase production. Xylanase inducers require transferases for intracellular transportation (Kulkarni et al., 1999) . The presence of glucose or other easily metabolizable sugars can block the transport of inducer molecules resulting in the inhibition of xylanase production. This inhibitory mechanism is known as inducer exclusion (Peij et al., 1998) . The accumulation of end products of xylan hydrolysis has been reported to inhibit some of the xylanases activity (Royer and Nakas, 1991) .
Production and purification of xylanases
Xylanases have been produced using solid-state as well as submerged culture processes. The submerged culture processes have already been well-established in the bioprocess industry as it is more amenable to control and scale-up (Rodriguez et al., 2014) . Several processes have been optimized for the production of xylanases using submerged fermentation. Optimization of process parameters such as growth and production medium, pH, agitation, aeration, and cultivation time can result in a remarkable enhancement in the xylanase production yield. Several researchers have used statistical optimization techniques with higher xylanase production as the objective (Ghoshal et al., 2015a; Gupta et al., 2013; Rodriguez et al., 2014; Thomas et al., 2013) . Solid-state fermentation is also popular because of high yield, simplicity of the process, and low risk of contamination (Agnihotri et al., 2010) .
Several different types of bioreactors have been studied for xylanase production such as a stirred-tank bioreactor, an air-lift bioreactor, and bubble column reactors (Wase et al., 1985) . The stirred-tank reactor has been extensively explored for the production of xylanases (Kim et al., 1997) . Ghoshal and coworkers (2015) optimized the process parameters such as pH, agitation, and aeration for xylanase production by Penicillum citrinum MTCC 9620 in a stirred-tank bioreactor, resulting in 2.5 times increase in enzyme activity as compared with that in shake flask studies. Gupta and coworkers (2013) reported xylanase production from Melanocarpus albomyces using wheat straw as a substrate and its scale-up in a stirred-tank bioreactor. Maximum enzyme activity of about 520 IU/ml in 36 h of fermentation was reported. Michelin and coworkers (2013) observed the production of xylanase by A. niger in a stirred-tank and internal loop air-lift bioreactors. Bakri and coworkers (2011) compared xylanase production in a batch and continuous mode in a stirred-tank bioreactor using P. canescens. The authors observed that maximum xylanase productivity was 1.31 U/ml/h, after 96 h of batch cultivation, whereas continuous cultivation resulted in the production of 3.46 U/ml/h of xylanase.
Solid-state fermentation
Several researchers have renewed interest in solidstate fermentation, especially for lignocellulose degrading enzymes because of economical and practical advantages such as simplicity, low capital costs for equipment and operations, lesser space requirements, and easier downstream processing (Holker et al., 2004; Mitchell et al., 2002; Pandey et al., 2000) . Studies involving the production of fungal xylanases in solid-state fermentation have shown to obtain very high yields of xylanases as compared with that in the submerged fermentation method. This could be as a result of a poor oxygen supply and shear disruption of fragile fungal biomass in the stirred-tank reactor used for submerged fermentation (Roy et al., 2013; Jain et al., 2013; Gasper et al., 1997) .
For the production of xylanases, the conventional tray-type reactor has been most commonly used by various researchers (Ali et al., 2000; Alberton et al., 2009; Kim et al., 1997) . However, it suffers from serious limitation of aeration for the active aerobic culture. Other reactor configurations such as packed-bed reactors have also been used for xylanase production (Bück et al., 2015) . The main process parameters affecting the production are aeration, temperature, pH, and water content. The main drawback for solid-state fermentation in packed-bed bioreactors is the development of gradients of temperature and moisture along the reactor length, which decrease the overall productivity level (Bück et al., 2015) .
Ghoshal and coworkers (2015) used agricultural residues supported on sugarcane bagasse as a carbon source for xylanase production in solid-state fermentation. They optimized process conditions such as pH (5.0), moisture content (1 : 5 at 30EC), and time of incubation (5 days). Umsza-Guez et al. (2011) constructed a plate-type bioreactor for solid-state fermentation of tomato pomace for the production of xylanase. The reactor had forced circulation of humidified air. Enzyme production could be enhanced several times by better aeration. The enzyme was activated by magnesium ions. Deshpande and coworkers (2008) studied the production of cellulase and xylanase in a solid-state cabinet fermenter. They utilized a solid medium containing the weed water hyacinth, and reported that cellulase production by T. reesei was higher in a solid-state cabinet fermenter as compared with that in a submerged culture. The supplementation of Toyoma Ogowa (TO) medium with whey (40%) and peptone (0.15%) further enhanced the production of both cellulase complex and xylanase by 2-3 folds. Rodriguez (2014) established mixed cultures of four different strains of A. niger and Rhizopus stolonifer in a laboratory-scale horizontal tube bioreactor using corncob as a solid substrate. The highest xylanase activity (2,926 U/g dcc) at an air flow rate of 0.2 l/min was observed. The results showed an overall 5.8-fold increase in xylanase activity after the optimization of the culture medium, operational conditions, and scale-up. However, solidstate fermentation still suffers limitations such as low ca-pacity and a lower process control, and therefore research on novel bioreactor configurations would greatly benefit a better application of this technique.
Purification of xylanases
Xylanases have been purified from several sources including bacteria, fungi, insects, and so on. Most of the researchers have relied on conventional purification by multistep procedures involving primary separation using filtration or centrifugation followed by precipitation, ultrafiltration, and sequential chromatographic steps (Irfan and Sayed, 2012; Taneja et al., 2002; Kamble and Jadhav, 2012; Silva et al., 1999) . Several researchers have reported the occurrence of multiple xylanase enzymes in xylanases purified from several microbial sources. In a recent report, Liao and coworkers (2015) have isolated and identified eight different xylanases from P. oxalicum GZ-2 using agricultural wastes as a substrate. Multiple enzymes equip the microorganisms in the ability to hydrolyze heterogeneous lignocellulosic biomasses found in nature. Silva et al. (2015) purified two xylanases, Xyl I and Xyl II, from the crude extracellular extract of a T. inhamatum strain cultivated in a liquid medium with oat spelts xylan. They utilized ion exchange chromatography using diethylaminoethanol (DEAE)-Sepharose and subsequent gel filtration chromatography using Sephadex G-75 to obtain Xyl I and Xyl II in a pure form as estimated by SDS-PAGE. The molecular weights were determined as 19kDa for Xyl I and 21kDa for Xyl II. Kamble and Jadhav (2012) purified xylanase from a new species of Bacillus (similar to B. arsenicoselenatis DSM 15340), by first precipitating using ammonium sulfate (80%), followed by purifying using ion exchange chromatography. The molecular weight of xylanase was determined to be 29.8kDa. Silva and coworkers (1999) purified two types of xylanases from A. fumigates Fresenius, by a combination of ultrafiltration and chromatographic procedures. The ultrafiltrate was subjected to gel filtration chromatography on Sephadex G-50 and two separate peaks of xylanase activity (I and II) were obtained. The second peak, designated as xylanase II, was used for further purification by hydroxyl apatite and anion-exchange chromatography. Ratanakhanokchai and coworkers (1999) . We have also reported an aqueous two-phase extraction system as an efficient method for primary isolation of xylanases (Malhotra et al., 2016) . Extractive fermentation greatly improves the economy of the process by increasing the yield and reducing the number of processing steps. Klingspohn and Schügerl (1993) used acid supplemented with treated potato pulp and potato pulp residue for the production of cellulases and hemicellulases by T. reesei Rut C30 in a continuously operated bioreactor. The enzyme solution was recovered and concentrated continuously in line with the reactor. The integrated process resulted in very high productivities and enzyme titers.
Genetic engineering of microorganisms for maximization of xylanase production
Traditionally, strain improvement by radiation or chemical mutagenesis has been used to enhance xylanase yield obtained from the culture (Abdel-Aziz et al., 2011) . In recent times, recombinant DNA technology has gained significance for the generation of strains for overexpression of production and complete lignocellulose hydrolysis (Thomas et al., 2013) . Numerous patents have been granted globally for the processes that involved genetic engineering of microbial strains for xylanase production (Cheng et al., 2006; Dauvrin and Jonniaux, 2004 ). Several researchers have used E. coli as the expression host system for heterologous xylanase expression (Zafar et al., 2016; Elgharbi et al., 2015; Jun et al., 2009; Panbangred et al., 1985) . The E. coli expressed xylanases are functionally active, though they lack Nglycosylation. However, they have lower specific activity 66 and stability (Chang et al., 2017) . Alternatively, Gram positive bacteria such as Lactobacillus species and B. subtilis have been used for xylanase expression (Liu et al., 2005; Verma and Satyanarayana, 2013) . These species are capable of N-glycosylation and higher protein production levels as compared with E. coli. Moreover, the Generally Recognized as Safe (GRAS) status of Lactobacillus makes it an attractive option for the heterologous protein expression.
Yeasts are also good hosts for expressing xylanases, as they are able to grow to very high cell densities and secrete proteins into the fermentation media. Maldonado and coworkers (2013) confirmed that a majority of glycosylated enzymes expressed in Pichia pastoris had a higher thermostability in comparison with that of their unglycosylated counterparts. The presence of a polyhistidine tag increased the thermostability of XYN10A xylanase, whereas glycosylation at Asn26, located in an exposed loop, decreased its thermostability (Anbarasan et al., 2010) . Kluyvermyces lactis is yet another yeast species that can be a suitable host because of the ease in genetic manipulation and commercial availability (Walsh et al., 1998) . Perez-Gonzalez and coworkers (1996) have expressed A. nidulans xylanase genes in Saccharomyces cerevisiae to understand the transcriptional regulation of xylanase and have found that xylanase production was induced at the transcriptional level by xylan and d-xylose and was repressed by D-glucose.
Filamentous fungi are preferred expression systems because of the ease in handling fungal cultivation and strain improvement they have already undergone (Nevalainenm et al., 2005) . Xylanases have been expressed in T. reesei, A. kawachii, and A. niger (Xiong et al., 2016; Qiu et al., 2016; Takahashi et al., 2013 are the activators of the enzymes (Yinan et al., 2008; Zhou et al., 2009) .
Transgenic plants that illustrate higher levels of xylanase expression, higher xylanase stability and simpler purification protocols as compared to native xylanase have been created. Bae et al., 2008 successfully produced recombinant xylanase in Arabidopsis and found that the highest accumulation of the protein occurred during flowering. Rice and tobacco plants have been genetically modified to express xylanases from Clostridium thermocellum (Kimura et al., 2003) .
Assay of xylanase
Usually, xylanase activity is determined by measuring the increase in the amount of reducing groups during the enzymatic hydrolysis of xylan by the dinitrosalicylic acid method described by Bernfeld (Bernfeld P., 1955) or Miller (Miller, 1959) , with xylose used as a standard. However, Miller method is more favored by the researchers. Remazol brilliant blue R-D-Xylan or Azoxylan may also be used as substrates (Juturu and Wu, 2012) , and in such cases β-xylosidase activity is measured as the release of p-nitrophenol from substrates (Ahmed et al., 2009; Biely et al., 1988) . The amount of reducing sugars is determined by measuring the absorbance at 540 nm. Birchwood xylan is the preferred substrate because of its low turbidity and a greater range of linearity (Bailey et al., 1992) .
Immobilization of enzyme
Xylanases have been immobilized on different matrices following varied immobilization methods such as entrapment using gelatin, physical adsorption on chitin, ionic binding with Sepharose, and covalent binding with HP-20 beads. Immobilization imparts several benefits such as an increase in stability and reusability, which in turn can reduce the processing costs considerably. Dumitriu and coworkers (1997) reported successful covalent immobilization of endo-xylanase produced by T. viride on activated calcium alginate carrier. It was active at 98EC, when hydrogels comprising polyanion xylan and polycation chitosan were used as carriers. Pal and Khanum (2011) observed that activation energy for denaturation of covalently immobilized xylanases on activated calcium alginate was about 20% greater than that of free enzyme, indicating the decreased inactivation of the immobilized ones. According to this report, immobilization increased the resistance of xylanases to cold denaturation. Gaur and coworkers (2005) isolated xylanases from Scytalidium thermophilum and immobilized them on Eudragit L-100, a pH-sensitive copolymer of methacrylic acid and methyl methacrylate. The immobilized enzyme had wider temperature range and pH optima as compared with the free one.
Applications of xylanases Paper and pulp industry
The xylanases prebleaching technology is now being used commercially in paper mills (Bajpai, 1999) . Enzyme-aided kraft pulp bleaching is mainly performed by endo-β-xylanases (Viikari et al., 1994) . Xylanases hydrolyze the reprecipitated xylan on the fibers of paper pulp. The permeability of fibers increases with xylanase treatment, which allows easier removal of lignin from the fibres. The use of xylanases reduces the requirement for polluting chlorine bleaches (Kantelinen et al. 1993) . Presently available commercial xylanase enzymes generally require pH between 6-8 and temperatures below 80°C (Tundo et al., 2016) . Accordingly, the temperature and pH of the pulp needs to be adjusted before the enzymatic treatment. This has created a need for xylanases with a higher pH tolerance and temperature stability to reduce the processing costs. Therefore, xylanases with a higher pH and temperature stability are being given more attention nowadays (Huang et al., 2015; Kamble and Jadhav, 2012) . Moreover, genetic engineering of xylanases is being performed to modify enzymatic activities in harsh conditions, but their overexpression has been and still is being explored (Sriprang et al., 2006; Fenel et al., 2014) .
Lignocellulose degradation
Another potential application of xylanases is the conversion of agricultural and other lignocellulose residues into value-added products as shown in Figure 1 . This process requires delignification of lignocelluloses to liberate cellulose and hemicelluloses from their complex structure with lignin. It is followed by depolymerization of carbohydrate polymer to produce free sugars, and finally by fermentation of simple sugars to produce ethanol (Beg et al., 2001) . In view of the global interest in developing sustainable technologies, many lignocellulose pretreatment methods such as acid and alkali treatments, or steam explosion have been established to make the cellulose accessible for hydrolysis. Xylan is known to shield cellulose against the hydrolytic action of cellulolytic enzymes. Xylanase treatment improves the accessibility of cellulose to hydrolysis by increasing fiber swelling and porosity (Hu et al., 2011) . Simultaneous Saccharification and Fermentation (SSF), Simultaneous Saccharification and Co Fermentation (SSCF), and Consolidated Bioprocessing (CB) are novel integrated processes that aim at reducing the process costs for the production of bioethanol.SSF is a novel process that integrates enzymatic hydrolysis and microbial fermentation into one single step. Consequently, enhancement in reaction rates and yields is obtained (Eklund and Zacchi, 1995; Sun and Cheng, 2002) . SSCF involves fermentation of hexoses (C6) and pentoses (C5) into ethanol by a single microorganism (Teixeira et al., 2000) . CB involves the production of ethanol and lignocellulose-degrading enzymes by a single microbial community in a reactor. This is possible due to using mono-or co-cultures of microorganisms. CB decreases the capital cost requirements for bioreactor facilities and operational costs that are incurred on external enzymes (Chadha et al., 1995) .
Xylanases together with pectinases are commonly used for degumming of bast fibers such as flax, hemp, jute, and ramie (Paridah et al., 2011) . Fibers are separated by the process of retting, that is, removal of the binding material present in the plant cells with the use of microbial enzymes. Natural retting is a slow process and produces pollutants, but this can be replaced by the use of a combination of enzymes that are environment friendly and achieve a rapid liberation of fibers (Arami et al., 2007) .
Applications in baking industry
Xylanase treatment converts water insoluble hemicelluloses into soluble forms, which decrease the firmness and increase the volume of the dough (Jiang et al., 2005; Laurikainen et al., 1998; Rouau, 1993) . The use of xylanases in various production processes may reduce the use of chemical additives such as bromates (Kulkarni et al., 1999) . In the industrial separation of wheat starch and gluten, arabinoxylan interferes with efficient gluten coagulation (Biely, 2003) . Therefore, xylanases can be used to facilitate the separation of wheat starch and gluten.
Fruit juice clarification
Fruit juices extracted from various fruits are turbid and viscous due to the presence of polysaccharides such as starch, pectins, cellulose, hemicelluloses, and bound lignins (Lee et al., 2006) . Therefore, several enzymes such as pectinases, cellulases, and xylanases are being used to improve the organoleptic characteristics of the fruit juices (Kumar et al., 2014) .
Animal feed industry
Several patents, as well as research papers, describe the application of xylanases as feed additives that improve the nutritive value of animal feed and result in weight gain of the animals. Xylanases solubilize and degrade the insoluble polysaccharides (also known as nonstarch polysaccharides or NSP) (Fisher and Petersson, 2008, Bauer et al., 2008; Goswami and Pathak, 2013) .
Future scope
In the future, consorted efforts of the microbiologists, synthetic biologists, and process scientists will play an important role in developing xylanases and other enzyme cocktails with very high specific activities as well as increased stability. Applications such as lignocellulose biomass degradation entail the development of a universal multifunctional enzyme that could deliver the technology for production of "green fuel" as well as many other products from the laboratory to the practice. Studies on upstream and downstream processes development are required to reduce the processing costs.
